Abstract. Mono Lake, California is a perennial, closed-basin saline lake. Up to 2 km of sediments have accumulated below the lake, and a well log shows that saline groundwater of concentration >18,000 ppm extends to the bottom of the basin fill. We investigated the groundwater system with the variable-density flow and solute transport code SUTRA to determine if the basin's recharge and inferred groundwater salinity are consistent with observational data. Steady state model predictions of the position and shape of the interface separating saline from fresh groundwater are consistent with the salinity profile derived from the spontaneous-potential (SP) log of a geothermal well on the lake's shoreline. We also inferred the basin-wide saline groundwater distribution and concentration from experiments with a steady state model of the entire basin groundwater system. Hydrologic variations around the lake determine the position of the saline-fresh groundwater interface: Higher recharge rates characteristic of the Sierra Nevada shoreline push the interface far beneath the lake. The interface probably lies below the shoreline around much of the rest of the lake. On the low-recharge northeastern shoreline the interface top may lie outside the lake edge. This positions the saline groundwater discharge zone just below the playa surface and contributes to development of salt flats on the recently exposed former lake bed. Simulations suggest that the basin fill permeability may not have significant anisotropy, possibly owing to extensive faulting which increases vertical permeability. For an anisotropic basin fill, the resultant increased channeling of recharge beneath the lake readily overcomes the opposing force of the saline groundwater density, and it is flushed out of the basin sediments. A simple permeability representation of the basin lithology, with low permeability below the lake and an anisotropic transition to higher permeability outside the lake, reasonably represents the well and spring water salinity observations.
Background
Saline or briny groundwater has been widely observed in association with arid basin lakes. In an early study, Langbein [1961] noted prior observations that the mass of salts contained in many closed-basin, saline lakes is less than the quantity of solutes that streams must have carried into the basin during the lakes' existence. He proposed several "salt wastage" mechanisms to explain the missing solutes, including salt accumulation in basin sediments and salt removal by wind. A number of recent studies have examined factors influencing the chemical evolution of closed-basin brines [Eugster and Hardie, 1978 ; Eugster and Jones, 1979; Eugster, 1980; Yuretich and Ceding, 1983; Ceding, 1986] and have determined that shallow groundwater plays an important role in closed-basin solute storage [Jones et [1989] examined how asymmetric recharge and horizontal stratification affect the position of the saline-fresh interface. They inferred from the salinity of the shallow aquifer [Lines, 1979] that concentrated groundwater extends to the bottom of the basin fill in Pilot Valley. Duffy and AI-Hassan [1988] found that a relatively sharp interface probably forms between the fresh recharge water and the brine and showed that the position of the interface depends on the balance between the system's physical properties, i.e., sediment permeability, fluid density difference, recharge rate, dispersive dissipation, and the flow system's aspect ratio.
In this paper we present a similar analysis, with the goals of inferring the extent of saline groundwater within Mono Basin and providing a basis for interpreting the impact of this saline groundwater on the basin's solute budget and cycling. The distribution and circulation of saline groundwater in Mono Basin affect shoreline groundwater quality and the basin's ecology; they appear to control the lake's sa- [Rogers, 1993a] . [Sieh and Bursik, 1986] . Black Point erupted beneath Lake Russell, Mono Lake's late Pleistocene equivalent, at about 13.3 ka [Gilbert et al., 1968; Bursik and Sieh, 1989] . Volcanic islands formed within the lake in the last 2 kyr and have been active within the last 300 years [Stine, 1987; Bursik and Sieh, 1989 ].
linity [Rogers and Dreiss, this issue] and have implications for land management and water use decisions in this arid basin
Magnetic and gravity data suggest that a small column of igneous rock underlies Paoha Island [Pakiser, 1976] . The Paoha Island well (Figures 1 and 3 ) penetrated about 50 m of There is no evidence of evaporite deposits in Mono Basin or of prior lake desiccation over at least the last 700 kyr [Gilbert et al., 1968; Lajoie, 1968; Christensen et al., 1969; Artell, 1972] .
From about 35 to 10 ka, Lake Russell was between 90 and 210 rn deeper than today's lake [Lajoie, 1968; Benson et al., 1990] . The lake level has fluctuated within a 36-m range, above the present elevation, over the last 10 kyr [Stine, 1987; Benson et al., 1990; .
Basin Hydrologic Budget and Groundwater Recharge
The bulk of rain and snowfall in the Mono Basin watershed falls on the Sierra Nevada, and precipitation decreases sharply eastward in that range's rain shadow. Three perennial Sierra Nevada drainages contribute most of the surface water to the lake [Forster, 1985] . The mouths of these canyons have extensive Pleistocene glacial deposits and are probably major conduits for groundwater underflow. In the eastern, more arid portion of the basin, streams may be perennial in their upper courses, but they become ephemeral upon emerging from the mountains [Forster, 1985] For the GRI well, formation water resistivity was converted to an equivalent TDS (Figure 8 ), assuming the formation water is a dilution of lake water, using Schlumberger Well Services 
The Saline Groundwater-Freshwater Interface
The observations discussed in the previous section indicate that the saline-fresh groundwater interface does not coincide with the shoreline everywhere around the lake (Figure 4) . Vorster used a Thornthwaite method modified for California [Shelton, 1978] to compute the annual soil moisture surplus (i.e., recharge) as a function of elevation and precipitation zones in Mono Basin. The total recharge over the 15.85 km distance from the lake to the groundwater divide ( Figure 9 ) is 764 m3/yr, for a 1-m-wide strip. Since the model domain does not extend to the groundwater divide, the additional recharge was applied along the outer vertical boundary. A specified flow boundary condition along the basin floor would constrain the position of the saline groundwater interface top to be inside the lake. To overcome this, in simulations to find the saiine groundwater concentration and interface position, the basin floor was treated as a specified pressure boundary. This allows the interface to move out from under the lake edge, while maintaining approximately the same recharge distribution.
The concentration of water entering through the basin floor was specified as zero. We assume that the saline groundwater beneath the lake is well mixed, with an initial concentration of 18,000 ppm. This is approximately the maximum formation water concentration found in the GR! well and represents a lower limit for the groundwater concentration because the well may have penetrated only the outer part of a broad interface. Although this groundwater concentration is lower than the present lake concentration, the lake level and salinity have fluctuated considerably in the past, with lake salinity values generally much lower than the present [see Rogers and Dreiss, this issue]. Transient simulations show that the lake concentration requires thousands of years to equilibrate with that of the groundwater.
Any water entering through the lake floor (the lake concentration) has the same concentration as the groundwater, i.e., 18,000 ppm, because we are interested in a steady state solution matching our inferred groundwater concentration. The transient case of differing lake and groundwater concentrations is discussed by Rogers and Dreiss [this issue], where we show that the solutes of a more concentrated lake drain into less concentrated groundwater within a few thousand years.
Model Parameters
Few actual measurements of aquifer permeability are available in Mono Basin. As a guide to permeability we used the results of a groundwater flow model study of Smith Creek Valley, Nevada (Table 2) The simulated interface position is moderately sensitive to model values of groundwater concentration, recharge, and permeability (and mesh size, as discussed below). Higher concentration or increasing permeability moves the interface outward; higher recharge has the opposite effect. The top of the interface cannot readily move outside the lakeshore because it is constrained by the groundwater discharge zone, where upward flow rapidly moves solutes to the surface. Further outward interface movement occurs by extension of the interface toe. The maximum saline groundwater concentration must be at least ---18,000 ppm in order to match the GRI well SP log. This concentration could be greater if the well has only penetrated the outer part of the interface. The simulation and well log demonstrate that the saline groundwater and the lake water are connected and would seem to preclude the possibility of an isolated pool of saline water in the bottom of the basin fill.
As a first approximation an assumption of uniform permeability throughout the basin was made. Steady state simulation experiments show that the permeability between the lakeshore and basin edge controls the flow system. Little flow occurs beneath the lake owing to the uniform pressure of the lake surface. Experiments using a sediment anisotropy of kz/kh = 0.1 in the current model resulted in displacement of the interface halfway toward the center of the lake from the shoreline. The interface is displaced away from the shoreline because anisotropy spreads the shoreline discharge zone across more of the lake bottom [Pfannkuch and Winter, 1984] . This observation applies even if the aquifer below the lake has a permeability several orders of magnitude lower than the rest of the basin fill, as discussed below. 
Simulating the Basin-Wide Groundwater

Model Design
We model the basin as radially symmetric, with dimensions and properties representing the basin fill, and the hydrologic characteristics of Mono Basin in 1968 (Figure 13 ). This symmetry choice incorporates the basin's radial geometry but presumes uniformity of hydrogeology along the circumference. The following sensitivity analysis evaluates the effect of differences in permeability, recharge, and groundwater solute concentration, from which we infer how variations in geology and recharge around the lake determine the saline-fresh interface position. We also explore the conditions under which a saline groundwater mass may be stable within the basin. elements within the groundwater discharge zone apparently accommodates the increased flow nearer to the lake edge, leading to a narrower discharge zone (Figure 16b ). As the peak discharge region under the lake moves toward the lake edge, a corresponding shift occurs in the solute discharge pattern (Figure 16c) . The narrower fluid discharge zone brings the interface closer to the lake edge. The 1600-element mesh is a reasonable compromise between computational time and solution quality.
Does this choice of radially symmetric geometry adequately represent variations in Mono Basin
Uniform Permeability
First we discuss how a variation of uniform permeability affects model behavior. A subsequent section covers heterogeneous and anisotropic permeability. We investigated the range of permeabilities found by Thomas higher permeability, more recharge nodes are required to accommodate the increased inflow. The larger area (and amount) of recharge creates a larger discharge zone, which extends further under the lake. These changes in the flow system geometry cause the variation of fluid and solute fluxes with permeability to depart from a linear trend (Figure 17a) . At higher permeabilities the greater inflow and larger discharge zone also force the interface farther toward the center of the lake, with a concomitant decrease in total solute mass in the system (Figure 17b ). An order of magnitude increase in permeability moves the interface inward by 4900 m. (Figure 19b) . The main discharge zone at the lakeshore restrains the surface part of the interface (the 50% concentration contour) from advancing much outside of the lakeshore: The large upward flux of fresh groundwater below the discharge zone rapidly transports solutes to the surface and maintains a low groundwater concentration in this region. At lower water table gradients the interface advances farther outward by extending the toe. In the simulation with the lowest water table gradient, the interface, particularly the toe, has moved out into the basin beyond the lake edge. At the surface the interface (or solute discharge zone) width has increased from 1 to about 3.2 km (Figure 20b) .
At the lowest water table gradients the outward extension of the interface toe forces groundwater to discharge farther out from the lake edge (Figure 20a ). This restricts the recharge zone at the outer edge of the model, which narrows from 2200 to 1800 m. The interface toe position controls both the surface interface width and the total solute mass in the basin ( Figure  19b 
Evaluation of the Sensitivity Analysis Results
These steady state results show that increasing recharge, which results from increasing permeability or water table gradient, moves the interface toward the center of the lake. Increasing groundwater concentration moves the interface away from the lake center. The top of the interface (the 50% concentration contour) is never located much outside of the lake edge, because it is confined by groundwater discharging at the lake edge: When the upper part of the interface is located near the lake edge, the large upward flow of fresh groundwater discharging at the shoreline strips away the upper portion of the saline groundwater and rapidly carries solutes to the surface. With lower recharge or higher concentration the saline groundwater mass expands by extending the interface toe beyond the shoreline. Do these results account for the present-day observations at Mono Lake? The concentration profile obtained from the GRI 
Heterogeneous and Anisotropic Permeability
The alternating layers of lacustrine and coatset marginal facies filling Mono Basin probably form an anisotropic, heterogeneous permeability field (Figure 3 ). In the case of groundwater flow near lakes, such sediment anisotropy broadens the shoreline discharge zone, and channels recharge farther beneath the lake, as Pfannkuch and Winter [1984] demonstrated. Where saline groundwater underlies the lake, a broader discharge zone would force the interface farther inward than in our previously discussed examples. Other basin-scale hydrologic studies have found that large-scale permeability anisotropies (horizontal/vertical permeability) may be as high as kx/k z = 104 [Bethke, 1989] . The hydrologic connection between the layers is controlled by a leakance value, which equals the vertical hydraulic conductivity divided by a vertical thickness. We computed equivalent anisotropy ratios from the results of these models by using the depth between centers of adjacent layers to determine a vertical hydraulic conductivity from the leakances. The anisotropy ratios vary over a wide range, partly depending on lithology and depositional setting. Typical values for lake bed or playa deposits are kx/k z -100-1000, and for coarser marginal deposits kx/k z = 10-100. For the alluvial fan deposits in Owens Valley, California, Danskin [1988] found almost no anisotropy in the vertical plane.
We ran simulations with a range of permeabilities, overall anisotropy of kx/kz = 10, the base water table gradient These simulations suggest that permeability anisotropy throughout the basin fill is incompatible with a stable saline groundwater body, or at least with the spring and well observations at Mono Lake. However, other simulations using cross sections with a bedrock slope toward the basin center indicate that spreading of recharge basinward through the thickening sediment wedge somewhat offsets the increase in flow intensity caused by anisotropy [Rogers and Dreiss, 1991] . In any case, these results suggest that the stability of saline groundwater within Mono Basin may be precariously balanced. (Figure 23b ) than for the uniform permeability case (Figure 19b) . The results are qualitatively consistent with hydrologic observations at Mono Lake. fer is not strongly anisotropic. Much evidence indicates that the basin fill is densely faulted. Lines of tufa towers are associated with faults throughout the basin [Lajoie, 1968] , particularly on the western part of the lake. Along a 10-km section of the southern shoreline, a map by Stine [1987] shows 11 faults intersecting the lakeshore. Numerous apparently fault-related springs occur on the lake bottom [Lee, 1969; Oremland et al., 1987] . For highly faulted or fractured media the permeability measured at large scale may be 3 orders of magnitude greater than that of small samples [Neuzil, 1986] . In such cases the vertical permeability may even exceed the horizontal permeability [Freeze and Cherry, 1979] . A second interpretation of the Paoha Island well and spring observations could be that different flow regimes within confined aquifers create a widely dispersed interface, as observed for seawater intrusion beneath Long Island, New York [Franke and McClymonds, 1972] . Flow through a permeable sand aquifer might channel freshwater flow far beneath the lake in some cases, while surrounding lower-permeability layers contain saline water. The formation of calcite (i.e., calcite self-sealing [Mariner et al., 1977] ), resulting from chemical interaction between the alkaline lake water and calcium-bearing recharge, may enhance hydraulic isolation of some aquifer zones. The fresh-saline groundwater interface location varies with hydrologic conditions around Mono Lake. The high recharge on the Sierra Nevada side of the lake offsets the interface toward the center of the lake, far from the shoreline. Simulation results show that even with low recharge, the top of the interface (the 50% concentration contour) cannot extend much outside the lakeshore. The main discharge zone at the lakeshore restrains the surface part of the interface from advancing outside of the lakeshore: The large upward flux of fresh groundwater below the discharge zone rapidly transports solutes to the surface and maintains a low groundwater concentration in this region. The interface probably lies below the shoreline around much of the rest of Mono Lake, a conclusion supported by the model analysis of the GRI well SP log. On the low-recharge northeastern shoreline the top of the interface may be located slightly outside the shoreline. This positions the main solute discharge zone just below the recently exposed lake bottom and could explain the hypersaline shallow groundwater and salt-affected playa conditions found there.
Simulation results suggest that the basin fill permeability may not have significant anisotropy, because this results in either too much inward interface displacement or complete flushing of saline groundwater from the sediments. Both alternatives are contradicted by well and spring observations, while a lack of anisotropy is supported by the observed dense basin fill faulting. A simple ad hoc model based on the basin lithology, with low permeability below the lake and an anisotropic transition to higher permeability outside the lake, produces interface positions which agree qualitatively with well and spring water chemistry observations. The hydrologic observations on Paoha Island present the greatest puzzle. Freshwater discharging from a 300-m-deep aquifer at one side of the island contrasts with an apparently deep-seated source of highly saline hot spring water. These observations could indicate that different flow regimes within confined aquifers create a widely dispersed interface. Flow through a permeable sand aquifer might channel freshwater flow far beneath the lake in some cases, while surrounding lower-permeability layers contain saline water.
